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HAS THE EART”S CRUST CHANGED WITH TIME? 

RARE-EARTH ABUNDAN(;T,S I N  ANCIENT SEDIMENTS 

I P o s s i b l e  changes i n  chemical composition of t h e  e a r t h ’ s  c r u s t  over  t h e  

p a s t  s e v e r a l  b i l l i o n s  of y e a r s  have been d i s c u s s e d  i n  s e v e r a l  r e c e n t  p a p e r s .  

Engel’ concluded t h a t  t h e r e  h a s  been a change i n  t h e  composi t ion  of the  Nor th  

American c r u s t  d u r i n g  the  l a s t  3 b i l l i o n  (10 ) y e a r s ,  based p r i m a r i l y  on 

i n c r e a s e  w i t h  t ime of average  sedimentary K/Na ,  Fe3+/Fe2+ and C a h g  r a t i o s .  

Condie*, on, t h e  o t h e r  hand, concluded from a s tudy  of major and t r a c e  e lement  

S 

d a t a  on a n c i e n t  graywackes t h a t  t h e  North American c r u s t  has n o t  changed 

a p p r e c i a b l y  i n  composi t ion  d u r i n g  t h e  l a s t  3.0 t o  3.5 b i l l i o n  y e a r s .  These 

s p e c u l a t i o n s  are p a r t  of a l a r g e r  q u e s t i o n  conce rn ing  t h e  growth of c o n t i n e n t s .  

Hurley and co-workers , on t h e  b a s i s  of Sr i s o t o p i c  s t u d i e s ,  have concluded 

t h a t  t h e r e  h a s  been a con t inuous  g e n e r a t i o n  of pr imary  s i a l  from s u b s i a l i c  

3 

source r e g i o n s  over  most of geo log ic  t ime.  I n  c o n t r a s t ,  P a t t e r s o n  and 

Tatsumoto i n t e r p r e t e d  t h e i r  l e a d  d a t a  a s  s u g g e s t i n g  t h a t  the  bu lk  of the  
4 

North American c o n t i n e n t  was formed 3 .5  t o  2 .5  b i l l i o n  y e a r s  ago ,  and t h e r e  

has  been l i t t l e  a d d i t i o n  s i n c e  t h a t  t ime. 

With t h e  e x p e c t a t i o n  t h a t  f u r t h e r  i n fo rma t ion  on geochemica l ly  s e n s i t i v e  

t r a c e  e l emen t s  might h e l p  e l u c i d a t e  t h e  g e n e r a l  problem, we have ana lyzed  

f o r  r a r e - e a r t h  e l emen t s  i n  a n c i e n t  sediments and compared t h e i r  abundances 

t o  those  i n  more r e c e n t  sediments .  Haskin and co-workers ’ ’ have de termined  

r a r e - e a r t h  abundances i n  a l a r g e  number of sed imentary  r o c k s  and have a r r i v e d  

a t  t h e  f o l l o w i n g  c o n c l u s i o n s :  (1) The p r o c e s s e s  which a r e  involved  i n  t h e  

fo rma t ion  of t h e  d i f f e r e n t  t ypes  of sed imentary  r o c k s  ( l i m e s t o n e s ,  sha l e s ,  
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sands tones ,  phosphates ,  e t c . )  cause  no major  d i f f e r e n c e s  i n  t h e  r e l a t i v e  abundanees 

of t h e  r a r e - e a r t h s .  ( 2 )  The r e l a t i v e  r a r e - e a r t h  abundances f o r  s e p a r a t e ,  l a r g e ,  

c o n t i n e n t a l  a r e a s  a r e  t h e  same, w i t h i n  expe r imen ta l  e r r o r .  ( 3 )  The g e n e r a l  \ 

sediment p a t t e r n  e x h i b i t s ,  r e l a t i v e  t o  t h e  c h o n d r i t i c  p a t t e r n ,  d e c r e a s i n g  

abundances of t h e  l i g h t  r a r e - e a r t h s  from La t o  about  E u ,  and e s s e n t i a l l y  t h e  

same r e l a t i v e  abundances a s  i n  c h o n d r i t e s  f o r  t h e  heavy r a r e - e a r t h s ,  from 

dbout Gd t o  Lu. The sediments  ana lyzed  by Haskin and co-workers were mainly 

P a l e o z o i c  o r  younger;  i t  was n o t e d ,  however, t h a t  t h r e e  Precambr ian ,  sed iments  

seemed t o  have somewhat anomalous r a r e - e a r t h  abundances and t h a t  t h i s  might 

r e E i e c t  a g r e a t e r  h e t e r o g e n e i t y  of t h e  e a r t h ' s  c r u s t  d u r i n g  i t s  e a r l i e r  

development ~ 

5 

We have ana lyzed  f o r  t h e  seven even-atomic-number r a r e - e a r t h  e l emen t s  

p l u s  europium (Eu) i n  f i v e  a n c i e n t  sedimentary r o c k s ,  namely a P ig  Tree s h a l e ,  

a Bulawayan l imes tone ,  two B i r r imian  p h y l l i t e s  and a B i r r imian  meta-graywacke. 

The a n a l y t i c a l  t echnique  i s  mass-spec t romet r ic  s t a b l e - i s o t o p e  d i l u t i o n .  8 

The F ig  Tree  s h a l e ,  from t h e  Swaziland System of sou the rn  A f r i c a ,  has  a minimiin 

age of 3.0 b .y .  by t h e  Rb-Sr whole-rock i sochron  method (Al l sopp ,  p r i v a t e  

communication). The Bulawayan system from Southern  Rhodesia h a s  a minimum age 

of 2 . 6  b i l l i m .  yea r s , ?  The B i r r imian  sed iments  a r e  from t h e  v i c i n i t y  o f  t h e  

R3siimtwi c r a t e r  i n  Ghana; a Rb-Sr whole-rock i sochron  s tudy  of t h e s e  and 

r e l q t e d  sediments  g i v e s  an  age of about  2 b . y .  10 , l l  

The r e s u l t s  of our  r a r e - e a r t h  a n a l y s e s  a r e  g iven  i n  Table 1. The c h o n d r i t e -  

normalized abundances a r e  p l o t t e d  i n  F igs .  1 and 2 .  Such no rma l i za t ion  i s  

common p r a c t i c e  i n  t h e  p r e s e n t a t i o n  of r a r e - e a r t h  d a t a ;  i t  removes t h e  even- 

1 2 , 1 3  
odd e f f e c t  of t h e  Oddo-Harkins r u l e .  The c h o n d r i t e  v a l u e s  used t o  

normal ize  Dur d a t a  were ob ta ined  by a n a l y s i s  of a composi te  of f i v e  of t h e  
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c h o n d r i t e s  p r e v i o u s l y  ana lyzed  by Schmitt  e t  a l .  14,15; our v a l u e s  ag reed  t o  

w i t h i n  15% w i t h  the v a l u e s  r e p o r t e d  by Schmitt aiid co-workers. The e r r o r  b a r s  

shown i r l  F i g s .  1 and 2 r e p r e s e n t  only the  i n t e r n a l  p r e c i s i o n  of t h e  a n a l y s i s ;  

t hey  a r e  p l u s  and minus two s t a n d a r d  d e v i a t i o n s  of t h e  mean (a) of t h e  number 

of d e t e r m i n a t i o n e ,  each  determination being  c a l c u l a t e d  from two s c a n s  of t h e  

a p p r o p r i a t e  mass r e g i o n .  Also p l o t t e d  i n  F i g s .  1 and 2 a r e  t h e  r a r e - e a r t h  

p a t t e r n s  of younger sed iments  f rom Haskin e t  a l .  for which a g e s  were g iven .  

A l l  of t h e s e  sed imen t s ,  excep t  f o r  t h e  Redfern l imes tone  ( F i g .  1, # 2 )  and t h e  

P a l u i s  s h a l e  ( F i g .  2 ,  #4),  a r e  P a l e o z o i c  t o  Recent i n  a g e ,  t h a t  i s ,  500-600 m.y 

l r  younger.  

-- 

b 

. 

7 -- 

Na d e s i g n a t i o n  o t h e r  t h a n  Precambrian w a s  g iven  f o r  t h e  o t h e r  

t w )  s ed imen t s .  Rather  t h a n  c.onfuse t h e  f i g u r e  by showing a l l  t h e  d a t a  w i t h  

dccompanying e r r o r s ,  we hsve drawn t h e  b e s t  s imple  cu rve  through t h e  d a t a  

p o m t s .  ' I t  i s  d i f f i c u l t  t o  d e l i n e a t e  the p r e c i s e  p a t t e r n  for many of t h e  rocks 

iP# imuch  d S  a n a l y t i c a l  e r r o r s ,  p a r t i c u l a r l y  f o r  t h e  heavy r a r e - e a r t h s ,  would 

seem t o  be q u i t e  l a r g e .  

A s  sliown i n  the  f i g u r e s ,  t h e  sediments a l l  have similar r e l a t i v e  r a r e - e a r t h  

ahurrdances, a l though  t h e i r  a b s o l u t e  abundances d i f f e r  by s e v e r a l  o r d e r s  of 

magnitude. The a n c i e n t  sed iments  r epor t ed  i n  t h i s  paper e x h i b i t  g e n e r a l  r a r e -  

eAr th  p a t t e r n s  s i m i l a r  t o  those of t h e  younger sed iments  ana lyzed  by Haskin and 

co-workers.  The s i z a b l e  Eu anomaly i n  the Bulawayan l imes tone  p d t t e r n  might 

seem t o  be an e x c e p t i o n .  H'Dwever, Eu anomalies do occur  i n  younger sed imen t s ,  

d s  shown by our  a n a l y s i s  of t h e  r a r e - e a r t h s  i n  t h e  J u r a s s i c .  Solenhofen l i m e s t v c  

( P i g .  I ) .  These Eu anomalies might be due t o  t h e  redox c o n d i t i o n s  o p e r a t i v e  

dcrirlg sed imen ta t ion .  I t  a p p e a r s ,  t h e n ,  t h a t  sed imentary  rocks  have had muc" 

t ie same r a r e - e a r t h  p a t t e r n s  over t h e  pas t  3 b i l l i o n  y e a r s .  
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The s i m i l a r i t y  i n  r e l a t i v e  r a r e - e a r t h  abundances of most t y p e s  o f  sedimentary 

r o c k s  i s  most e a s i l y  i n t e r p r e t e d ,  a s  i t  w a s  by Goldschmit t16,  i n  terms of m 3 s t  

sediments  having wide enough provenance t h a t  t h e i r  r e l a t i v e  r a r e - e a r t h  abundances 

a r e  t h e  same a s  t h e  average abundances of t h e  wea the r ing  c r u s t .  The ocean ic  

r a r e - e a r t h  budget need not  be cons ide red  because a n a l y s e s  of sea-water17 show 

ex t r eme ly  low c o n c e n t r a t i o n  of t h e s e  e l emen t s .  I f  t h e  sedimentary p a t t e r n  i s  

assumed t 3  be t h c  samc a s  t h a t  of  t h e  wea the r ing  c r u s t ,  t h e n  t h e  s i m i l a r i t y  of 

t h e  r a r e - e a r t h  p a t t e r n s  f o r  s ed imen t s  d a t i n g  back t o  3 b i l l i o n  y e a r s  i n d i c a t e s  

t h a t  t h e  r a r e - e a r t h  abundances of t h e  wea the r ing  c r u s t ,  a n d ,  by e x t e n s i o n ,  t h e  

n a t u r e  of t he  wea the r ing  c r u s t , h a v e  no t  changed a p p r e c i a b l y  d u r i n g  t h i s  t ime 

intervS-11. T h i s ,  ~n t u r n ,  i m p l i e s  e i t h e r  t h a t  t h e  amount of m a t e r i a l  of  t h e  

wea the r ing  c r u s t  has  no t  a p p r e c i a b l y  changed over  t h i s  p e r i o d  o r  t h a t  a d d i t i o n s  

t o  t h e  weather ing c r u s t  ( j u v e n i l e  igneous rocks )  a r e  s i m i l a r  on t h e  ave rage  

t o  t h e  m a t e r i a l  which composed t h e  wea the r ing  c r u s t  3 b i l l i o n  y e a r s  a g o ,  a t  

l e a s t  i n  a s  f a r  a s  r a r e - e a r t h  abundances a r e  concerned. 

I t  i s  d i f f i c u l t  t o  f a v o r  one of t h e s e  a l t e r n a t i v e s  over  t h e  o t h e r :  inasmuch 

a s  t h e  composition of  t h e  mantle  and t h e  p r o c e s s e s  l e a d i n g  t o  t h e  fo rma t ion  of 

c r u s t a l  m a t e r i a l  a r e  obscu re .  The r a r e - e a r t h  abundances f o r  t h e  b i l k  e a r t h  

a r e  probably q u i t e  d i f f e r e n t  from t h o s e  of t h e  c r u s t .  Stony m e t e o r i t e s  hrve 

c.ommmly been assumed t o  r e p r e s e n t  t h e  bu lk  composi t ion of  t h e  e a r t h .  ,Chqndr i t i c  

and t h e  normal b r e c c i a t e d  a c h o n d r i t i c  m e t e o r i t e s ,  i n  g e n e r a l ,  have t h e  same 

r e l a t i v e  abundances of t h e  r a r e - e a r t h s .  

b u l k - e a r t h  model, a number of t e r r e s t r i a l  r o c k s ,  i n c l u d i n g  e c l o g i t e s  , 

p e r i d o t i t e s  

r e l a t i v e  r e r e - e a r t h  abundances c l o s e  t o  t h e  m e t e o r i t i c  o n e s .  I n  a d d i t i o n ,  same 

t t e o r e t i c a l  r a r e - e a r t h  models21 of igneous d i f f e r e n t i a t i o n  imply t h e  e x i s t e n c e  

I n  suppor t  of  t h e  me teo r i t i c . -  1 4 , 1 5 , 1 8  

19  

1 9  , g a r n e t  p e r i d o t i t e s ,  and andesi tes2’  have been found t o  have 
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of t e r r e s r r i a l  m a t e r i a l  w i t h  m e t e o r i t i c  r a r e - e a r t h  abundances.  It seems 

l i k e l y ,  t h e r e f o r e ,  t h a t  t h e  c r u s t a l  r a r e - e a r t h  abundances a r e  t h e  r e s u l t  of 

$ igneous  d i f f e r e n t i a t i o n  p rocesses  a c t i n g ,  perhaps  i n  s e v e r a l  s t e p s ,  on m a t e r i a l  

w i t h  t h e  q u i t e  d i s t i n c t  m e t e o r i t i c  r a r e - e a r t h  abundances.  

If t h e  bu lk  composi t ion o f  t h e  e a r t h  i s  c h o n d r i t i c ,  and t h e  c r u s t a l  r a r e -  

e a r t h  abundances a r e  t h e  same a s  i n  s h a l e s ,  approximate ly  75% of t h e  La and 

Hence, i n  t h i s  model,  t h e  p r e s e n t  msnt le  10% of the  Yb a r e  i n  t h e  c r u s t .  

mlst be s e v e r e l y  d e p l e t e d  i n  t h e  l i g h t e r  r a r e - e a r t h  e l emen t s ,  I f  t h e  c r u s t  

has g rown*-on t inuous ly  a t  a r e l a t i v e l y  cons t an t  r a t e  over  geo log ic  t ime ,  

younger mant le -der ived  rocks  might be expected t o  show, on t h e  ave rage ,  lower 

r e l a t i v e  abundances of t h e  l i g h t  r a r e - e a r t h s ,  and t h i s  should  be r e f l e c t e d  i n  

t h e  p d t t e r n s  of younger sed imen t s .  No such e f f e c t  i s  observed .  T h i s  would 

seem t o  i n d i c a t e  t h a t  t h e  c r u s t  has  changed l i t t l e ,  e i t h e r  i n  composi t ion lor 

amount, over t h e  l a s t  3 b i l l i o n  y e a r s .  However, i n  t h e  c h o n d r i t i c  model, i f  t h e  

r y r e - e a r t h s  were concen t r a t ed  i n  t h e  s3urce  r e g i o n s  of  c r u s t a l  rocks  r a t h e r  

th,?n d i s s e n i n a t e d  uni formly  throughout  the  man t l e ,  d 2 p l e t i o n s  of  t h e  l i g h t  

r d r e - e a r t h s  w i t h  t ime would be l e s s  n o t i c e a b l e .  Whether t h e s e  d e p l e t i o n s  would 

he d e t e c t a b l e  depends upon t h e  degree of r a r e - e a r t h  c o n c e n t r a t i o n  i n  t h e  source  

r e g i o n s .  For example,  if t h e s e  r e g i o n s  had r a r e - e a r t h  abundances s i m i l a r  t o  

tkose  oi t h e  CdlCiuW-rich a c h o n d r i t i c  m e t e o r i t e s ,  approximate ly  t e n  t imes  those  

i n  c h o n d r i t e s ,  t h e  d e p l e t i o n s  i n  l i g h t  r a r e - e a r t h s  w i t h  t i m e  would n o t  be 

d e t e c t a b l e .  Obvious ly ,  if t h e  bulk  composi t ion o f  t h e  e a r t h  i s  a c h o n d r i t i c ,  

19 

changes i n  r a r e - e a r t h  p a t t e r n s  wi th  t ime would a l s o  n o t  be d e t e c t a b l e  even 

withot i t  enr ichments  i n  t h e  source  r eg ions .  Another c o n s i d e r a t i o n  i n  t h e s e  

s p e c u l a t i o n s  i s  t h a t  t h e  whole c r u s t  may n o t  have r a r e - e a r t h  abundances s i m i l a r  

t o  t h o s e  i n  s h a l e s ;  r a r e - e a r t h  c o n c e n t r a t i o n s  i n  a non-homogeneous c r u s t  might 
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22  
be expec ted  t o  d e c r e a s e  w i t h  d e p t h .  Thus, a n  unambiguous i n t e r p r e t a t i o n  of 

t h e  r a r e - e a r t h  d a t a  on a n c i e n t  sed iments  is n o t  p o s s i b l e  a t  t h e  p r e s e n t  time. 

C. C .  S c h n e t z l e r  
John A .  P h i l p o t t s  

Geochemistry L a b o r a t o r y  8 

Labora to ry  f o r  T h e o r e t i c a l  S t u d i e s  
Goddard Space F l i g h t  Cen te r  
Greenbe l t ,  Maryland 
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Figure  Cap t ions  

F igure  1 Chondrite-normal i zed  r a r e - e a r t h  abundances i n  l imes tones .  

5 P a t t e r n s  wi th  numbers are from Haskin e t  a l .  : # 1  Cleeve H i l l  

o o l i t i c  I s .  ( J u r a s s i c ) ,  # 2  Redfern Lake I s .  (Precamb.),  

-- 

Figure  2 

# 3  Leavenworth 1s. ( P e n n . ) ,  # h  Flor-i.da iCcys ca rbona te  (Recen t ) ,  

#5  Byron f m .  1s. ( S i l u r i a n ) .  

Chondrite-normal ized r a r e - e a r t h  abundances i n  s h a l e s .  P a t  t e r n s  

5 
wi th  numbers ( i n  Fig.  2A) a r e  from Haskin e t  a l .  : #1 Muncie -- 
Creek s h a l e  (Penn.) ,  #2 Trenton s h a l e  (Ord . ) ,  # 3  Moyers s h a l e  

( M i s s . ) ,  #4 P a l u i s  sha le  (Precamb.),  # 5  S i l l e r y  s h a l e  ( P a l e o z o i c ) .  
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